The increasing amount of liquid, especially water, in the product stream of offshore gas wells, requires improvement of current separation methods. Nowadays, separation methods are mainly based on gravitational settling of the dispersed phases. In these separators low gas velocities are required to achieve a sufficient separating efficiency. As a result these devices are voluminous, heavy, and expensive. As platforms are restricted to space and weight and the liquid amount is increasing, compact and efficient phase separation equipment is required to keep the exploitation of the wells profitable. A device which fulfils these requirements is the naturally driven Rotational Particle Separator (RPS). In this study the operating characteristics of such a separator was measured. For this purpose a full-scale prototype was built, which is capable to handle the volume flow of one typical wellhead under high pressure (80 bar) and which separates droplets down to 2 micron. In order to validate the operating characteristics of the prototype both hydrodynamic and separation performance measurements were performed. Overall, the performance of the prototype agrees well with expectations.
Introduction
With longer exploitation of offshore gas wells, the amount of liquid, especially water, in the product stream increases. This is mainly due to the fact that water is usually used to keep the well under pressure. The increase in liquid contaminants requires the improvement of current separation methods. In commonly used separators gravity is used to separate the dispersed phase. To allow for sufficient settling time, gas velocities in the separators have to be low. As a result these devices are voluminous, heavy, and expensive and with increasing liquid amount the capacity is no longer sufficient. More and/or heavier separation devices are needed and sometimes even heavier and more expensive supporting structures are required. In some cases, although considerable gas reserves are still present, the exploitation of a well has to be stopped, as current gas treatment techniques are not economically viable. In order to make the exploitation of older wells profitable, the offshore industry is searching for efficient and compact phase separation devices.
A device which fulfills these requirements is the naturally driven Rotational Particle Separator (RPS) [1, 2] . The core component of the RPS is the rotating filter element (see Fig. 1 ), which consists of a multitude of axially oriented channels, which rotate as a whole around a common axis. Particles or droplets flowing in the fluid in a laminar motion are centrifuged to the outer walls of each individual channel and adhere to the collecting walls as a result of the centrifugal force, van der Waals forces and/or forces due to surface tension, while the purified fluid leaves the channels at the exit. As the radial distance over which the droplets have to move to arrive at a collecting surface is small (typically 1 mm), the RPS is capable of separating particles of small sizes: e.g., solid and liquid particles entrained in gases with sizes down to 0.5 micron at relatively low angular speeds and small channel lengths [3] . Left: filter element of the rotational particle separator consisting of a multitude of axial channels. Right: while the channels rotate around a common axis, particles entrained in the gas flowing through these channels are centrifuged towards the channel wall. Schematic representation of the RPS-based separator, which is designed to purify natural gas under high pressure. A schematic representation of the naturally driven RPS is given in Fig. 2 . After passing the inlet part, which mainly serves as a bearing support, the contaminated fluid (gas/ liquid) enters a swirl generator where the fluid is brought in a rotational motion as it passes its static vanes. After the swirl generator, the mixture enters the pre-separation room, which serves as a kind of axial cyclone. In this separation room large contaminants are swept out of the flow, due to the centrifugal motion of the fluid. The contaminants leave the separator through the pre-separator outlets, which are situated before the filter element at the outside of the separator. The filter element is brought into rotation by the angular momentum of the fluid. Due to the centrifugal force, the droplets in the fluid are driven towards the wall of the channels where a liquid film is formed. This film breaks up at the end of the filter element and larger droplets are formed which can easily be separated in the post-separator. If the dispersed phase is the lighter medium, as is the case for oil droplets dispersed in water, it is swept to the core of the post-separator [1] . In the case of liquid droplets in a gas flow, the droplets move towards the outer wall. The liquid separated from the fluid flow leaves the separator through the post-separator outlets, which are positioned at the outer radius of the separator. The purified gas leaves the separator axially through the main outlet. Downstream of the postseparator a de-swirler is placed. The stator vanes convert a large part of the rotational energy of the fluid into static pressure. Without the de-swirler the rotational energy is completely dissipated in heat and thus wasted. Recovering part of the kinetic energy means that the separation process generates the waste stream at high pressure. This enables reinjection of the contaminants back into the gas reservoir from which they originally came. In this article the operating performance of an RPS-based natural gas-water separator is presented. For this purpose a prototype was developed for separating water droplets from natural gas. Based on design relations [1] and design criteria based on offshore process conditions, a full-scale prototype was built, which is capable to handle the volume flow of one typical wellhead under high pressure (80 bar) and which separates droplets down to 2 micron (see Tab. 1). In order to validate the operating characteristics of the prototype measurements were performed.
Experimental Setup
The performance of the separator was measured in two test facilities. In one test facility the separation performance and the hydrodynamic performance of the prototype at low (atmospheric) pressure was measured. In the second test the facility hydrodynamic performance of the separator was simulated at elevated pressures.
A schematic overview of the low pressure test facility is shown in Fig. 3 . In this test loop air is used as the working fluid. The pressure and temperature inside the test loop are respectively about 1.2 bar and 283 K. The measuring equipment is listed in Tab. 2. The pressure drop over the filter element is measured by using the four equally spaced pressure holes situated at the circumference of the housing upstream as well as downstream of the filter element (see Fig. 4 ). The four holes were interconnected such that, before as well as behind the element, the average pressure is measured. Besides one pressure hole is located upstream of the swirl generator. By using this pressure hole the total pressure drop over the separator can be measured.
The angular speed of the filter element was measured with a Turck inductive sensor, type Bi1-EG05-AP6X. This sensor detects a small slot, constructed in the outer wall of the filter element. The location of the inductive sensor is denoted in Fig. 4 .
The high pressure loop is filled with Sulfur Hexafluoride (SF 6 ). SF 6 is a high density gas, with a density of 5 to 6 times the density of natural gas. This means that at relatively low pressures, high fluid density flows can be simulated. The actual volume flow of SF 6 [4] .
As only stationary measurements were attempted, all process conditions were directly read from the LCD digital indicators during the measurements in both loops. The separation efficiency of the prototype was determined by injecting calcium hydroxide (Ca(OH) 2 ), also called chalk hydrate or slaked lime (supplied by Carmeuse) into the low pressure setup at the injection point (IP in Fig. 3 ). The particle size distributions both up-and downstream of the separator were determined by sampling the flow isokinetically with an eight stage Andersen impactor type Mark II. The weight increase of the different stages (see Tab. 3) of the impactor was determined with a Mettler mechanical balance, type B5. This balance has a measuring range of 0-0.2 kg, with a standard deviation of ± 3 · 10 -8 kg and an optical accuracy of ± 5 · 10 -8 kg. Since lime is hygroscopic, all collection media must be preconditioned prior to weighing, i.e., both before and after a sampling cycle. Preconditioning was done by placing the collection media in an oven at 323 K for a period of 12 hours.
Measurement Results

Hydrodynamic Performance
The angular speed of the filter element can be predicted from the conservation of angular momentum, which is generated in the swirl generator. At equilibrium the generated angular momentum equals the drive momentum and the momentum losses in other parts of the separator. The other parts that contribute the most to these losses are the pre-se- Figure 4 . Location of the pressure holes and angular speed sensor on the prototype of the natural gas-water separator. :
where G h sg is the angular momentum generated in the swirl generator and G h fe , G h gap , G h pre , and G h bearing are respectively the loss of angular momentum in the filter element, the gap between the filter element and the static housing, the pre-separator and the bearings. Expressions for all components included in Eq. (1) are given in [1] , except for the loss of angular momentum in the bearings, which depends on the type of bearing chosen. In the current design SKF ball bearings are used and their loss of angular momentum is calculated from the SKF catalogue [5] . The pressure loss over the separator is mainly due to the pressure loss in the filter element and in the swirl generator. In both parts the pressure drop is caused by friction and by changes in the direction of the fluid velocity. In the filter element the pressure drop due to friction at the channel walls, assuming circular channels with a diameter d c , is given by [6] :
where f is the friction factor, L c the channel length, d c the channel height, q f the fluid density, u fe the axial fluid velocity in the channels of the filter element, and n represents the additional pressure drop at the entrance region of the duct where the transition to a parabolic velocity profile takes place. The channels of the filter element have a triangular or sinusoidal cross-section for which the channel width is much larger than the height. For a laminar flow through such channel geometries Shah and London [7] have derived both f and n, see Tab. 4. In the expressions for f, Re is the Reynolds number based on the maximum channel height and the average fluid velocity in the channel. For turbulent flows through channels of non-circular cross sections, it is proved empirically that the Moody diagram [8] can be used to define the friction coefficient, provided that the hydraulic diameter of these channels is substituted for d c . In calculating the pressure loss over the filter element due to the friction, u fe is taken equal to the mean axial fluid velocity through the filter element. Table 4 . Friction factor f and n-value for fully developed laminar flow in different channel geometries [7] . Besides the friction, pressure loss also results from the development of a free vortex in the pre-separator to a solid body rotation in the filter element. A relation for this pressure loss contribution is given in [1] .
The pressure drop over the swirl generator is due to the friction in the small annulus and the introduction of a tangential velocity component. The flow relations of a fluid with viscous effects in a duct of constant cross-sectional area give the pressure drop due to friction in case a compressible flow is considered [9] . In case of an incompressible flow Eq. (2) gives the pressure drop due to friction.
The pressure drop caused by introducing a swirl component in the flow is calculated as:
where w sg and u sg are respectively the tangential and axial velocity component at the exit of the swirl generator, and a is the blade angle of the vanes.
Angular Speed
In Fig. 5 the rotational speed n is depicted as a function of the flow rate through the separator for air at 1. the filter element does not rotate. This is mainly due to the static bearing friction. The model also predicts the onset of the rotation well. The small bend in the model at small flow rates is due to the fact that the relation for the dynamic bearing friction at low angular speeds differs from the one at higher speeds [5] . In Fig. 6 the rotational speed at elevated fluid densities is depicted as a function of the flow rate through the separator. The solid line represents the model, (see Eq. (1)), while the crosses represent the measurement data. As the temperature and absolute pressure in the test setup varied during one measurement cycle, the mean temperature and pressure values of one measurement cycle are used to calculate the theoretical hydrodynamic performance of the separator. The density and viscosity of SF 6 are interpolated from the measured data of Wilhelm [4] .
For the two lowest fluid densities the models predict a slightly lower rotational speed than measured. Comparing the three measurement results at elevated pressures shows that the rotational speed of the filter element hardly depends on the fluid density. This is expected as both the generated momentum and the loss of angular momentum in the filter element, which has the highest contribution to the total dissipated momentum, are linearly dependent on the gas density.
Pressure Drop
In Fig. 7 the pressure drop over the filter element for air as the working fluid is depicted. The crosses and dots each represent one measurement series, while the lines represent the model. Losses are calculated for the two types of channel shapes: triangular and sinusoidal. The values of the friction factor, f and n are taken from Tab. 4. It follows that the pressure loss over the filter element is best represented by the model, assuming sinusoidal channels. This is also expected, as the filter element channels of the prototype have a more or less sinusoidal shape.
The model assumes a fully developed flow in the channels of the filter element. In reality this is not true, as the dynamic entrance length, L hy for the channels is rather large. The dynamic entrance length is defined as the required duct length to achieve a maximal duct velocity of 99 % of that for fully developed flow when the entering fluid velocity profile is uniform [7] . For example, for sinusoids channels for which the width is much larger than the height, Shah and London [7] give a dimensionless entrance length and the Reynolds number in the channels during the measurements is of the order 1 · 10 3 . This means that the dynamic entrance length is about 0.0648 m, which is about one third of the total channel length (L c = 0.18 m). Although the model neglects the entrance length, there is a good agreement between the measurements and the model. In Fig. 8 the total pressure loss over the separator is given together with the pressure loss over the filter element. It follows that the total pressure loss is well predicted by the theoretical model. The pressure loss in the pre-and postseparator and the pressure drop in the pipe before the swirl generator are not included in the model, as they are negligible compared to the other losses. It can also be seen that the pressure loss over the filter element is the main contributor to the total pressure loss over the separator. In the second place follows the pressure loss due to the generated swirl.
In Fig. 9 the pressure loss over the filter element and the total pressure loss over the prototype are given as a function of the flow rate for the SF 6 test loop. The lines represent the theoretical calculations, while the crosses, dots and circles represent the measurement data. Opposite to the measurements in the low pressure test setup during which the flow in the channels of the filter element was laminar, the channel flow during the high pressure measurements was turbulent (the Reynolds number in the channels varied between 9 · 10 3 and 2 · 10 4 ). For calculating the pressure drop over the filter element due to friction, the Blasius relation is used. A value of two is assumed for the factor n, which represents the additional pressure drop at the entrance region of the duct.
All measurement series show a gradual increase of the pressure loss with increasing flow rate. The filter element has again the highest contribution to the total pressure loss. The measurement data of the pressure loss over the filter element are slightly below the predicted pressure loss. The measurement data for the total pressure loss on the other hand are somewhat higher than predicted. This can be attributed to the fact that in the model some flow phenomena in the swirl generator which contribute to an additional pressure loss are neglected. One of these phenomena is the fact that the angle of incidence of the fluid at the inlet of the vanes differs from the angle of the vanes itself. Furthermore, there will be an additional pressure loss due to the acceleration of the fluid as it enters the vanes (decrease in cross-sectional area due to the thickness of the vanes). Besides, wakes may occur at the trailing edges of the vanes, which cause an Furthermore, it can be seen that for increasing fluid density, the pressure losses increase. This is also predicted by the model as all pressure loss contributions increase for increasing fluid density.
Separation Performance
The efficiency of the separator is calculated by the following procedure: -First, the change in weight for each stage of the impactor, including the backup filter, is determined by measuring all collection media prior to and after sampling. -All weight changes are added up to obtain the total particulate weight collected by the impactor. -The fractions of the total collected weight in each stage of the impactor are determined by dividing the weight collected on each stage by the total collected weight. -Multiplying these fractions with the total particle concentration present in the gas stream gives the absolute concentration of particles in each size class. -The efficiency per size class follows from the difference in the absolute particle concentration on each impactor plate between the measurements up-and downstream of the separator.
In an ideal situation the total particle concentration upstream the separator C us measured with the impactor equals the injected particle concentration. In practice, however, the impactor concentration was two to three times less than the injected concentration due to the loss of lime from the injection point to the impactor.
The total particle concentration downstream of the separator can be determined with an absolute filter. Measurements performed at the University of Twente, however, showed that the total particle concentration downstream of an RPS-based separator is approximately equal to the total particle concentration on the impactor plates when measuring downstream of the separator. In these experiments also calcium hydroxide and the same Anderson impactor were used. Equal concentrations can be expected, as the impactor works as a kind of absolute filter. Therefore, in processing the measurement results the concentration downstream of the separator C ds is assumed equal to the total impactor concentration of the downstream measurements.
When the total injected concentration and the total impactor concentration downstream of the separator are known, the total efficiency E total follows from:
In Fig. 10 the results of the measurements are shown together with two analytical predictions of the filter separation efficiency. The circles represent the mean separation efficiencies per size class obtained from the measurements, while the vertical lines through the circles represent the standard deviation. In the figure eight measurement points are depicted. These represent all collection plates of the impactor, except the pre-separator and the back-up filter. The preseparator is not accounted for as it only serves to remove coarse particles from the flow. The back-up filter is not regarded because, after the measurements upstream of the separator, no weight increase of the back-up filter could be measured. The filter efficiency is given as a function of the dimensionless particle diameter x. This diameter represents the mean particle diameter per size class divided by the diameter of the smallest particle which is separated with 100 % probability in the filter element [3] .
Analytical expressions for the separation efficiency of the filter element were derived by Brouwers [10] . In Fig. 10 the dotted line represents the theoretical separation efficiency for triangularly shaped channels, which have a flow distribution linearly proportional to the radial distance r, while the solid line represents the efficiency for triangular channels in which the axial flow distribution is constant over the channels, u f G 1. In both models a parabolic velocity profile in the channels is assumed (in reality this is not valid, as the dynamic entrance length, L hy for the channels is rather large). Theoretical expressions for triangular channels are used, as they are easier to derive than expressions for sinusoidally shaped channels. Besides, the theoretical results for triangularly shaped channels are a good approximation to those of sinusoidally shaped channels [10] . Furthermore, in practice the channel shape is quite irregular and also the sinusoidal shape is only an approximation of the actual channel shape.
It can be seen that the standard deviation increases for smaller particle sizes. This is expected as the measurement errors are larger in these size ranges, due to a smaller weight difference between the impactor plates prior to and after the measurements. For particle sizes around x = 1 and larger, the agreement between theory and experiments is reasonable. However, for particle sizes smaller than x = 1 a large Figure 10 . Separation efficiency as a function of particle size. The solid line represents the theoretical efficiency prediction for a constant axial flow distribution, the dotted line represents the theoretical efficiency prediction for an axial flow distribution, which is linearly proportional to r and the circles represent the measurement data (vertical bar denotes the standard deviation).
difference between the models and the experiments is observed. Previously performed measurements with an electrical driven RPS, using the same Anderson cascade impactor to measure efficiency, showed similar results [11] , see Fig.  11 . It can, therefore, be concluded that the naturally driven RPS has the same particle separation efficiency as an externally driven RPS.
In the results presented above, the particle losses from injection to the sample point are not accounted for. If the injected particle concentration is divided by a factor two the result given in Fig. 12 follows. With this modification a better agreement between the theoretical and the mean measurement values is obtained for values of x smaller than one. The standard deviations, however, have increased as a result of the adjusted inlet concentration.
From the measurement results also the total mean separation efficiency can be determined, as was given by Eq. (4). In case the particle concentration upstream of the filter element C us is taken equal to the injected particle concentration, the mean total efficiency is 86.9 % with a standard deviation of 1.7 %. If the particle concentration upstream of the filter element is taken half of the injected concentration, the mean total efficiency is 73.7 % with a standard deviation of 3.4 %.
Discussion
The hydrodynamic operating performance of an RPSbased natural gas-water separator was measured at atmospheric conditions and at elevated pressures. During these measurements the angular speed of the filter element and the pressure drop over the separator were recorded for varying fluid volume flow. At atmospheric conditions also the separation performance of the separator was determined by injecting solid lime particles upstream the separator and consequently measuring the particle distribution both upand downstream of the separator by a low pressure impactor. All measurement results are compared with theoretical predictions. Overall it can be concluded that the characteristics of the prototype are well predicted by these models.
The efficiency of the prototype is determined for laminar flow conditions in the channels of the filter element. Under field test conditions, however, the flow in the filter element is turbulent. Due to turbulence the radial migration of the droplets towards the channel walls may be disturbed. To determine the influence of the turbulent channel flow on the filter efficiency, measurements should be performed at higher flow rates and higher angular speeds. These measurements could be performed with the lime particles as was done in this study. However, it would be better to use droplets. The reason is that not only the influence of turbulence on the radial migration of the particles in the channels of the filter element may influence the separation efficiency, but also the behavior of the liquid film in the channels of the filter element and the outer wall of the post-separator may be influenced by the turbulent flow conditions. Separation efficiency as a function of particle size. Injected particle concentration is divided by a factor 2 to account for particle losses during injection. The solid line represents the theoretical efficiency prediction for a constant axial flow distribution, the dotted line represents the theoretical efficiency prediction for an axial flow distribution, which is linearly proportional to r and the circles represent the measurement data (vertical bars denote the standard deviation). 
